INTRODUCTION
In all of the standard methods for counting asbestos fibres or structures on filters by microscopy, a lower limit is established, below which a count obtained using the method is considered to be practically indistinguishable from background. In the phase contrast microscopy (PCM) method most widely used in the U.S. (NIOSH, 1994) , that lower limit is stated as the "Limit of Detection" and is quantitatively given at 7 fibres mm" 2 (roughly equivalent to 5.5 fibres/100 fields counted). In the most widely used (in the U.S.) transmission electron microscopy (TEM) method (the "AHERA" Method-EPA, 1987) , the "background level" for asbestos structures is stated as 70 asbestos structures mm" 2 filter surface, which is the approximate equivalent of four structures counted/10 electron microscope grid openings. In some TEM methods promulgated by the American Society for Testing and Materials (ASTM), the limit of detection has been explicitly stated as the counting of four structures (ASTM, 1996) . Relatively little attention has been paid to this issue in the analysis of environmental asbestos samples and it is generally not recognised that such arbitrary detection limits across the universes of sample media and laboratory cleanliness and technical proficiencies of field and laboratory personnel are likely to misstate the "true" detection limits. In fact, the detection limit for any analytical method will necessarily be a function of both the method itself and the application of that method to obtain sample blank levels. Further, when faced with arbitrary detection limit language, some analysts do not report actual results for samples for which the detection limits are not attained, but simply report that the results are "less than the detection limit". In this paper both the recommended procedure to determine the detection limit, and the recommended reporting conventions are given.
GENERAL CONSIDERATIONS
In any environmental measurement process, it is usual to take samples from the environment of interest and to compare the results of those samples to some standard or to "blanks" and to attempt to come to an understanding of whether the analyte of interest is present and if so, at what level. In the case of asbestos measurement where the output is to be some form of counts per environmental unit (stuctures cm" 3 ), the analytical data take the form of discrete counts (of structures or fibres) from a defined portion of a specific sample medium (usually a filter) observed with a microscope. The count data for each sample (structures per 10 grid openings, or structures per 100 fields) may then be converted into counts per unit area of the filter (structures mm"
2 ) and thence into counts per environmental unit. Where several individual samples have been taken from one or more of the settings of interest, blank(s), or standard(s), then straightforward comparisons may be made, using statistical procedures appropriate to the distributions of the results (examples might be the "f-test" or various non-parametric tests).
However, where it is believed that there is some "background" level of the analyte, or that the method may yield false indications of the presence of the analyte it is sometimes believed appropriate to set a "detection limit"-an amount or concentration of analyte which if observed in a single measurement is believed to indicate the presence of the analyte with reasonable certainty and, which, if not observed leads to suspicion that the analyte is not truly present.
GENERAL CONCEPTS REGARDING DETECTION LIMITS
It is important to understand that our count of asbestos structures from a sample is intended to provide an estimate of the concentration of structures over the whole area of the filter to be analysed. If one structure is found on the (approximately) 1/7000 of the filter area that is analysed in the U.S. EPA AHERA method we should understand that this estimate of the true average structure count per 10 grid openings might be in error. If it is assumed that the distribution of fibres or structures across the filter is approximately Poisson, then the lower limit of the 90% confidence interval surrounding this estimate is 0.0513; the upper bound is 4.74 (Hahn and Shapiro, 1994) . What this means is that, given a structure count of 1 structure observed in 10 grid openings, the true average concentration of structures per 10 grid openings will be between 0.0513 and 4.74 90% of the time. Ten per cent of the time, the true average concentration may be less than 0.0513 or greater than 4.74. [Note that this statement is true only if the distribution is truly Poisson. If, as is likely, the distribution of structure counts can be more appropriately described by the negative binomial distribution (Javitz and Fowler, 1981; Oehlert et al., 1995) , the confidence interval will be wider.] Similar kinds of statements can be made if the number of structures counted is 0, or 2, or 3, or 500, or 1000. That is, the number counted is an estimate (and our best estimate assuming we have not biased the results) of the true average number of structures that would be counted if an approximately infinite number of successive samples of 10 grid openings each were taken from that filter. Except by happenstance, that average is unlikely to be an integer. However, we count structures in discrete units, thus, we must express our detection limits or other important waypoints on the journey toward rational decision-making as units, as counts, unless we wish to define "minimum detectable concentrations" or other expressions that may involve the volume of air, or area of surface, or the like. The principal locus of efforts to define and understand "detection limits" for count data and their application has been the health physics community (see, as an example, ANSI, 1989) . Fundamental references in this area are the writings of Lloyd Currie (Currie, Lower limits for airborne particle analyses 205
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Fig. 1. Bases for "decision level" and "detection limit" (adapted from Currie, 1984) . W(S) = distribution of net count, L c = decision level-risk of oc error is acceptable, L D = detection limit-risk of (3 error is acceptable. 1968, 1984) , in which the basic concepts of decision level, detection limit and "determination limit" were carefully and clearly defined. [Currie made the simplifying assumption that the normal distribution could be used, an assumption that is often valid when the count of a Poisson-distributed variable rises above about 50-70. Brodsky (1992) extended the work of Currie to the cases where small numbers are counted, as in our work.] The first two concepts are related to the common statistical concepts of Type I error (alpha error or false positive error) and Type II error (beta error or false negative error) and are defined pictorially in Fig. 1 , adapted from Currie (1968) . In that figure, if we assume alpha to be 5%, the decision level (L c ) is shown to be the level at which the upper 5% tail of the distribution of sampling results (signals) falls when the true mean of sampling results is zero. Another way of expressing this would be to say that measurements above L c may be assumed to fall outside the distribution of the results for a true zero; our conclusion would be that we did detect a signal and we would be right 95% of the time. To put this concept into the context of structure counting, we count the number of structures in 10 grid openings and from that count wish to conclude whether the entire filter average count is "above background" or "greater than blank" with 95% confidence. If our sample count is above the decision level and the decision level is properly set, then our conclusion that the filter average count is positive will be wrong no more than 5% of the time. In the structure or fibre counting context, the decision level must be an integer, of course. [Note that the decision level is not the detection limit, but that useful information is found if counts exceed the decision level, even though the number counted is less than the detection limit. That information would be lost if one were not to report all of the data available.]
The example above illustrates the probability of committing a Type I error. A Type II error arises when we observe a signal and falsely conclude that a true signal (above background) has not been demonstrated. Such errors can be avoided 1-|3% of the time by establishing a detection limit (L D in Fig. 1 ) such that the lower (3% point of the distribution of results about the mean detection limit is set at the decision level. To put this into the context of structure counting, a detection limit for the number of structures in 10 grid openings must be set high enough that our risk of falsely concluding that some number at or greater than the detection limit is negative is less than (say) 5%. That is, if we are counting structures from a filter, we will not falsely reject a filter that truly contains more structures than a blank filter by incorrectly concluding that it is like a blank filter more than ~ 5% of the time. Finally, we come to the "determination limit" (sometimes called the "limit of quantification"), a number intended to give "reliable" results. A typical requirement for ordinary (non-counting) analyses might be that the relative standard deviation of a set of replicate samples should be less than 10% of the mean value. This is similar in concept to the recommendation in NIOSH 7400 that the desirable minimum fiber density is 100 fibres mm" 2 , or a minimum fibre count of about 80, in order to reduce the uncertainty in the method to ~ +213%/-49%, or to the recommendation of Ogden (1982) that the fibre count should be ". . .at least 50 fibres . . . where an accurate answer is required." This number is a matter of choice. If one chooses to accept the hypothesis that fibre or structure counts are distributed as a Poisson variable, then one may refer to (as an example) Table 4 -2 in Hahn and Shapiro (1994) to see the inherent, irreducible, error that is a consequence of counting small numbers of things, exclusive of any other random or determinate errors that may arise from the sampling and analytical process or method. Figure 1 in NIOSH 7400 shows the uncertainty associated with that overall method, including other sources.
CALCULATION OF LIMITS
Using the formulae in Brodsky (1992) , I have calculated the "decision level" and "detection limit" approximately corresponding to a = 0.05 and (3 = 0.05 for a variety of different average blank levels ranging from 0 to 5 structures/unit area (which may be assumed to be 10 grid openings, or 100 fields, or any other counting area). In making these calculations, it has been assumed, with Brodsky, that a Poisson distribution is apt. The results of those calculations are shown in Table 1 . Those calculations are based on analysis of a single blank sample for each set of field samples to be analysed. For this case, (a single blank) if the count of interest is structures/10 grid openings, then the most usual blank count will typically be either 0 or 1; the decision level will be either 1 or 3 and the detection limit will be either 3 or 8. [It may be noted that if the true "background level" (average blank count) is as stated in the AHERA method at ~ 70 s mm" 2 = 4 structures/10 grid openings, then the detection limit for the method should be 13 structures/10 grid openings.]
The values in the first column of the table are means and that the values in the second column are standard deviations, calculated as the square roots of the individual means, in accordance with the assumption that the distributions are Poisson. The likelihood is low that the true standard deviations will be as low as this theoretical Poisson value, even if one assumes that the Poisson distribution is the most apt. The references previously cited, as well as NIOSH 7400, may be consulted on this issue.
With regard to a determination limit for the TEM methods for asbestos, it may be argued that it is unlikely that those methods are inherently more reliable than the PCM methods. The fraction of the filter surface examined in the AHERA method is approximately 1/7000, as opposed to the 1/500 for the NIOSH PCM method. Note also that the sample preparation required of a piece of filter prior to its submission to the TEM is more elaborate and likely to distort the true underlying particle distribution on that filter than is the preparation for PCM. If an indirect preparation method is used, then the resulting particle distribution is more likely to be Poisson than if the original filter was used. Accordingly, at a minimum, the 90% confidence interval about the sample structure count (within which it is 90% certain that the true sample mean must lie) cannot be much smaller (if at all) than the interval for NIOSH 7400. That is, assuming that we wish to have our confidence interval as small as +213%/-49%, then our limit of determination should be set at least at 80 structures. If, for reasons of cost, inconvenience or time, it is wished to count fewer structures, the confidence interval will be wider, and that confidence interval should be reported.
REPORTING PRACTICES
A continuing area of concern with environmental analysis methods, including those for asbestos, is the practice of not reporting the actual best estimate of concentration for any sample that falls below some "detection limit". Of course, self-censoring the results reported destroys any information that might be present 208 D. P. Fowler below the "detection limit". The reasons why this should not be done have been eloquently expressed by Chambless et al. (1992) and by Helsel (1990) . There is useful information available below the detection limit; the detection limit is not the point at which a sample fails to be distinguishable from a blank sample. In particular, it is noted that the decision level, as defined above, is the point at which useful information about the sample is first apparent. Finally, as noted above, the definition of detection limit appears to vary from one method to another and today's definition of detection limit may not be valid tomorrow. Substantial efforts are now needed in many environmental evaluations to attempt to reconstruct censored data taken in past years, where no report of some of the actual measurements made is available, except for the dreaded phrase "less than detection level" [see Helsel (1990) and Chambless et al. (1992) for examples]. It is further noted that specialized software for attempted reconstruction of the overall distributions of LDL data is available and needed (Newman, 1995) . Of course, the actual sample specific numbers are lost forever.
CONCLUSIONS AND RECOMMENDATIONS
It is absolutely essential that all of the information obtained in the analytical process be recorded and reported for the client to evaluate. Statements as to the reliability of the data should, of course, be part of the report. The methods and values given here provide a useful initial approach. Olcerst (1995) has delineated a similar approach, although he depends upon a definition of the distribution of fibre counts as Poisson, which may not be valid. In order to reduce the complexity of the required calculations and to reduce the intrusion of sampling variability, it is recommended that any statement of detection limit in these methods should be stated as a minimum number of particles (structures or fibres) to be counted.
